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1.0 SUMMARY 


The Nacelle Aerodynamic and Inertial Loads (NAIL) project consisted of two distinct 
tasks. They were the flight loads study and the installed propulsion system aerodynamics 
(IPSA) study. 

1.1 FLIGHT LOADS 

The NAIL flight loads study comprised a series of flight tests to measure the aerodynamic 
and inertial loads imposed on the Pratt & Whitney JT9D-7 turbofan engines of a Boeing 
747 airplane under conditions of flight acceptance testing and of typical revenue service. 
Aerodynamic loads were determined by integrating pressures measured at 252 locations on 
the right-hand inboard engine inlet and fan cowl. The relative load level on the right-hand 
outboard engine was established by 45 pressure measurements, which were compared with 
the corresponding inboard engine pressures. Inertial loads were determined by sets of 
linear accelerometers mounted on the engines and inlets, and also on the wing at the 
nacelle strut attach points, and by rate gyros mounted on the engine fan cases. 

The purpose of the measurements was to clarify the influence of flight loads on engine 
performance deterioration due to enlarged rotor tip clearances caused by the rotor 
rubbing on the engine case under load. Rotor/case clearances were measured in flight by 
laser probes mounted on the fan and high-pressure turbine case of the inboard engine and 
on the fan case of the outboard engine. Airplane flight condition data and engine 
performance data were measured and recorded for all flight conditions. (This document 
deals with the measured flight loads. Correlation of these loads with clearance changes 
and analysis of engine performance effects is reported separately in refs. 1 and 2.) 
Aerodynamic and inertial loads were estimated prior to flight test (ref. 3). 

Inlet aerodynamic pitching moments were measured for a group of flight conditions 
typical of a transport mission and for a group of conditions characteristic of a 747 
acceptance test flight. It was found that: 

• The severest operating airloads occur during takeoffs. 

• Airloads were generally larger than estimated while inertial loads were smaller. 

• Calculations based on measured inlet airload sensitivity to change in angle of attack 
show that transient inlet airloads due to gusts are considerably smaller than takeoff 
airloads. 

• Airloads can be significantly reduced by revisions to flight procedures. 

The pressure data were also tabulated in computer data files suitable for finite-element 
analyses of engine/nacelle structures and provided to Pratt & Whitney for correlation of 
measured and calculated clearance changes. (This effort will be reported separately by 
Pratt <5c Whitney.) 

To permit application of the NAIL loads data to aircraft/engine combinations other than 
the 747/3T9D, the vertical force and pitching moments at high angle of attack and airflow 
were expressed as aerodynamic coefficients and correlated with estimated inlet angle of 
attack and nondimensional engine airflow. The resulting expressions can be used to 
estimate inlet airloads for any roughly similar inlet geometry, provided the inlet angle of 
attack is known. 
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1.2 INSTALLED PROPULSION SYSTEM AERODYNAMICS (IPSA) 


The IPSA portion of the NAIL project created a data base of pressures measured on the 
inlets, cowjs, struts, and adjacent wing surfaces of the two right-hand engines of a Boeing 
747. These data, along with the aerodynamic geometry definition, will be used to develop 
and verify analytical flow models and computer codes to be employed in the design of 
propulsion system aerodynamic configurations having reduced interference drag. 

In the course of three test flights, pressure data were obtained for Mach numbers 0.77, 
0.80, 0.86, and 0.91 at lift coefficients corresponding to cruising flight. 
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2.0 INTRODUCTION 


2.1 BACKGROUND 

2.1.1 Flight Loads 

Since the introduction of the jet engine into commercial transport service, historical data 
have indicated that deterioration of engine thrust specific fuel consumption (TSFC) occurs 
over the life of installed engines. When fuel was cheap and plentiful, increases in TSFC 
were merely a nuisance rather than a technical problem requiring a solution. But the 
shortages and price increases following the 1973 oil embargo made TSFC increases a 
serious issue. Accordingly, the NASA Engine Component Improvement (ECI) program 
(part of the NASA Aircraft Energy Efficiency program) was made responsible for 
determining the cause of and potential solutions to installed engine TSFC deterioration. 
As part of the ECI program, Boeing Commercial Airplane Company (BCAC) assisted Pratt 
& Whitney (P&WA) under NASA-Lewis contract in an investigation of this problem 
(ref. 3). 

It was found that early deterioration was due primarily to rotor blade tips rubbing against 
the engine casing as the engine deformed under its operating loads. This rubbing caused 
increased clearances and gas flow leakage, resulting in a cruise TSFC deterioration of 
about 0.8% after the predelivery acceptance testing and an additonal 0.3% in 2000 flights 
in revenue service. 

Factors contributing significantly to engine performance losses are divided into engine 
loads and flight loads. 

• Engine loads are those not related to the flight environment: 

• Internal engine pressures 

• Thermal loads due to temperature differentials 

• Thrust loads— fore and aft 

• Centrifugal loads 

• Flight loads are those imposed by the flight environment: 

• Aerodynamic pressures 

• Inertial forces 

Engine deformation calculations made with a finite-element mathematical model of the 
engine/nacelle structure indicated that 87% of the TFSC deterioration in the first 1000 
flights was due to aerodynamic flight loads. Long-term deterioration (after 1000 flights) 
was ascribed mainly to thermal loads and to blade profile changes caused by erosion. 

The aerodynamic loads causing engine deformation act mainly on the inlet, which is 
attached to the fan case. The inlet airloads used for the deformation estimate were 
derived from a very limited data base. Scale effects cast doubt on small-scale wind 
tunnel load and pressure measurements, while the full-scale data available at the time 
were very sketchy both with respect to flight conditions and to geometric coverage. 

It was concluded that a new experimental program was needed to measure in flight both 
the loads and the associated clearance changes. A feasibility study of a flight program 
was made and reported in reference 4. Subsequently, NASA-Langley and NASA-Lewis 
Research Centers authorized and jointly funded this program under separate contracts 
with BCAC and P&WA. The BCAC effort, the Nacelle Aerodynamic and Inertial Loads 
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(NAIL) project, was funded by NASA-Langley and NASA-Lewis under task 4.3 of contract 
NASl-15325. The P&WA effort was funded by NASA-Lewis. 

2.1.2 Instsilled Propulsion System Aerodynamics (IPSA) 

The installation of propulsion systems on aircraft wings causes a drag increment called 
interference drag. This increment is the difference between the drag of the aircraft with 
the propulsion system installed and the sum of the drag of the isolated aircraft plus the 
drag of the isolated propulsion system. Interference drag results from a combination of 
flow processes near the nacelle, wing, and pylon. It includes effects of local circulation 
changes about the wing due to the propulsion system, of shock waves that form between 
the wing and nacelle, and of boundary layer flows separating from the nacelle, pylon, and 
the underside of the wing. Historically, studies of propulsion system interference drag 
have been confined to exploratory tests in wind tunnels that allowed variation of only a 
few of the many parameters involved. Now, numerical solutions are being developed for 
the governing equations of transonic flow about three-dimensional bodies. A comprehen- 
sive data base of the flow properties around a propulsion system installed near a wing was 
needed to validate the analytical results and to uncover modeling inadequacies. 

The NAIL flight loads program, already authorized and underway, provided instrumenta- 
tion capable of measuring a substantial portion of the pressures needed for the Installed 
Propulsion System Aerodynamics (IPSA) study. It was logical and economical to expand 
the scope of NAIL to include IPSA, and contract NASl-15325, between NASA-Langley 
Research Center and BCAC, was revised accordingly. 

2.2 OB3ECTIVES 

The objectives of the flight test program were to: 

• Measure flight loads (aerodynamic and inertial) typical of the production acceptance 
flight (a substantial contributor to short-term deterioration) and revenue service 
flights 

• Explore the effects of gross weight, pitch and yaw rate, touchdown sink rate, and 
various maneuvers on nacelle loads 

• Measure simultaneously engine clearance closures and engine performance changes 

• Provide a data base for designing improved propulsion systems (performance 
retention) 

• Provide a data base of pressures measured on wing, pylon, and nacelle surfaces of 
both inboard and outboard propulsion installations of commercial transport-sized 
aircraft and gather information on airflow patterns surrounding the powerplant 
installations using static pressure surveys 

2.3 APPROACH 

A 15-hour flight test program covering the entire acceptance flight profile, variations in 
takeoff and landing conditions, and high-g turns was defined to measure simultaneously 
the flight loads (cause) and engine clearance changes (effect) associated with engine 
performance deterioration. 
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The testing was conducted on the Boeing-owned 747 RAOOl test bed airplane during the 
concurrent 3T9D-7R4 engine development program for the Boeing 767 airplane. Following 
a functional check flight conducted from Boeing Field International on 3 October 1980, 
the airplane and test personnel were ferried to Valley Industrial Park near Glasgow, 
Montana on 7 October 1980. The combined NAIL and 767/3T9D-7R4 test flights were 
conducted at the Glasgow remote test site, and the airplane was returned to Seattle on 26 
October 1980. (As a result of the two programs being conducted in parallel, the NAIL 
program benefited from more than 33 hr of flight test and included more flight conditions 
than originally planned.) 

Inertial loads were measured by six accelerometers and two rate gyros on both right-hand 
engines. The pylon and strut interface on both engines was equipped with an additional six 
accelerometers. The engine clearance changes were measured by laser proximity probes 
on the fan of both engines and on the high-pressure turbine of the inboard engine. Engine 
performance instrumentation and 20 high-pressure turbine thermocouples provided addi- 
tional data on the inboard engine for resolving clearance and performance changes. 

Aerodynamic loads were measured by integrating pressures measured at 252 taps on the 
right-hand inboard nacelle. Loads for the right-hand outboard nacelle were monitored by 
comparing pressures measured at 45 taps to those measured at corresponding locations on 
the inboard nacelle. 

IPSA pressures were measured on both of the right-hand pylons and core cowls and on the 
adjacent wing surfaces. In addition, pressures measured at a large number of the taps 
installed for the flight loads effort (located on the inlet and fan cowl) were applicable to 
IPSA. A total of 557 pressure measurements were obtained for each IPSA flight 
condition. 

NOTE: 


Certain commercial materials are identified in this paper in order to specify 
adequately which materials were used in the research effort. In no case does 
such identification imply recommendation or endorsement of the product by 
NASA or Boeing, nor does it imply that the materials are necessarily the only 
ones available for the purpose. 
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3.0 SYMBOLS AND ABBREVIATIONS 


AC 

ACCEL 
ADAMS 
A -flange 
AFP 


acceleration in direction indicated by subscript ( ) 

axial acceleration 

acceleration 

airborne data analysis and monitor system 
engine front flange (at nacelle station 100) 
airflow parameter 
inlet highlight area 


BCAC Boeing Commercial Airplane Company 


CAS 

CG 

Cp( ) 

^L 

) 


calibrated airspeed 
center of gravity 

inlet force coefficient in direction indicated by subscript ( ) 
airplane lift coefficient 

inlet moment coefficient about axis indicated by subscript ( ) 
pressure coefficient 


EAS 

ECI 

EPR 

E3 

E4 


equivalent airspeed 

Engine Component Improvement program 
engine pressure ratio 
engine position 3 
engine position 4 


FT flight test 

F^ ^ fcH-ce in direction indicated by subscript ( ) 

g acceleration of gravity 

GW airplane gross weight 


Hp pressure altitude 

HPT high-pressure turbine 
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IGE in-ground effect 

IPSA installed propulsion system aerodynamics 

IRIG inter-range instrumentation group master clock 

kcas knots calibrated airspeed, indicated airspeed corrected 

for position error (calibrated airspeed equals true 
airspeed in standard atmosphere at sea level) 

inlet length 

LH left hand 


M Mach number 

Moo freestream Mach number 

M^ design cruise Mach number 

Mj^ design dive Mach number 

M^ j moment about axis indicated by subscript ( ) 

n load factor in z direction 

z 

NAC STA nacelle station 

NAIL Nacelle Aerodynamics and Inertial Loads project 

NASA National Aeronautics and Space Administration 

NASTRAN NASA structural analysis 

N|^ engine low-pressure rotor speed 

N2 engine high-pressure rotor speed 

OGE out-of-ground effect 

P pressure 

P(JcWA Pratt & Whitney Aircraft Group, Commercial Products 

Division 

P_ total pressure at engine face 

‘2 

2 

q, Q dynamic pressure, h p V 
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RAOOl 

RH 

rms 

RWA 


Boeing-owned 747-100 research aircraft 1 
right hand 
root mean square 


referred engine airflow, WaV®T^7^2 


S 

s 

nom 

SLS 


arc length along surface from highlight 
nominal arc length along surface 
sea level standard 


TO 

TR 

TSFC 


takeoff 
thrust reverse 

thrust specific fuel consumption 
total temperature at engine face 


V 

V, 


true airspeed 
design cruise speed 

stalling speed or the minimum steady flight speed 
at which airplane is controllable 


WA 

WBL 

^f 

X 

y 

z 

a 


engine airflow 
wing buttock line 
fuel flow rate 


vertical coordinate, positive up (see fig. 20) 
spanwise coordinate, positive inboard (see fig. 20) 
axial coordinate, positive aft (see fig. 20) 


angle of attack 
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‘IN 

IN 


inlet angle of attack 
inlet sideslip angle 
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4.0 TEST DESCRIPTION AND RESULTS 


4.1 TEST DESCRIPTION 

The Nacelle Aerodynamic and Inertial Load (NAIL) program consisted of two distinct 
efforts: the flight loads test and the installed propulsion system aerodynamics (IPSA) 

test. Both tests were conducted concurrently with the unrelated JT9D-7R4 nacelle and 
engine development test program on the Boeing-owned 747 RAOOl airplane (fig. 1). 
Separate data collection systems were used, although substantial portions of the flight 
loads data applied also to IPSA. Airplane and engine performance data applicable to both 
tests were gathered from instrumentation and data acquisition systems already available 
in RAOOl. 



Figure 1. RAOOl Test Airplane 


4.1.1 Test Vehicle 

The 747 RAOOl airplane is the first Boeing 747 airframe built and has been used in 
company flight programs continuously since 1969. It is a model 747-100 and, as such, is 
limited to a maximum takeoff gross weight of 317. 5t (700 000 lb). For these tests, RAOOl 
was limited to a maximum normal load factor of 2.0g flaps up, and 1.6g flaps extended. 

4. 1.1.1 Flight Loads 

The right-hand inboard engine position ("No. 3"), was chosen for greater emphasis because 
slightly more severe loads were expected at the inboard location and position 2 was not 
available. A 3T9D-7A engine, serial no. P662204, was returned to the P&WA facility and 
"analytically rebuilt" with new rubstrips, seals, and carefully measured clearances. In 
addition, it was fitted with a specially built turbine case equipped with laser proximity 
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probes, while another set of laser proximity probes was installed in the fan case. Its 
performance was then calibrated in a test stand. After return shipment to BCAC, this 
engine was fitted with an inlet containing comprehensive pressure measuring 
instrumentation and installed in position 3 on RAOOl (fig. 2). Following the flight 
program, engine P662204 was returned to P&WA for further static testing, followed by 
"analytical teardown" (with careful inspection of parts and measurement of clearances) 
and refurbishment. Engine 4, the right-hand outboard engine, was fitted with a fan case 
rebuilt at P3cWA containing a set of laser proximity probes and an inlet with enough 
pressure instrumentation to determine airloads relative to engine 3. 

4.1. 1.2 Installed Propulsion System Aerodynamics (IPSA) 

Description of the 747 test vehicle, for the purposes of the IPSA program, requires 
geometrical definitions of the fan inlet, fan cowl, pylon, and core cowl for an inboard and 
an outboard engine installation. It also requires neighboring wing geometry for each 
engine. All such required geometry data, defined by relative positions and contours of 
pressure orifice rows and wing-pylon, pylon-nacelle intersections, is provided in refer- 
ence 5, section 4. 1.1. 2. 

4.1.2 Instrumentation 

The NAIL program was an ambitious undertaking in terms of number of measurements 
obtained. There were 693 pressure ports, 30 accelerometers, 7 rate gyros, 12 blade 
clearance measurements, and 20 thermocouples for required test data. Numerous 
thermocouples were used to provide temperature information on heat-sensitive instrumen- 
tation. Finally, expanded engine performance data were provided by an additional 68 
measurement channels. The quantity and quality of the data obtained were excellent. 



Figure 2. Inboard Engine Buildup 
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Instrumentation placed on or near the numbers 3 and 4 engine and pylon was designed to 
further the understanding of the flight loads (cause) and engine clearance changes (effect) 
associated with engine deterioration and to provide information on the flight environment 
of the engine and wing interface. 

4.1.2.1 Flight Loads 

Pressure Instrumentation— Most of the pressure instrumentation was placed on the inlet of 
engine 3 (figs. 3, 4, and 5). It was believed that the inboard engine was subject to higher 
angles of attack than the outboard engine because wing bending reduced the incidence of 
the outboard nacelle and because the outboard nacelle was less affected by upflow 
induced by the wing flaps. Therefore, the inboard nacelle sustained greater loads and was 
chosen for a more detailed survey using 252 pressure taps. 


252 PORTS 



Figure 3. Inboard Engine Pressure Taps 


The greatest deviations from ambient pressure and most rapid variations of pressure with 
distance occur near the inlet lip. The contribution of the lip area to the overall force and 
moment is very large. Because of this contribution, 144 taps in 12 rows, 30 deg apart, 
were located in the lip area. Aft of the lip, 60-deg circumferential spacing of the rows 
provided adequate definition. 

Each pressure tap was connected to an Endevco pressure transducer (fig. 6) by approxi- 
mately 2.44m (8 ft) of 0.155 cm (0.061 in) inside diameter copper tubing to ensure that lag 
effects were equalized. The transducers were mounted in temperature controlled boxes in 
groups of 22 (figs. 7 and 8). Each transducer measured differential pressure between the 
tap and a reference pressure. 
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Figure 6. Pressure Transducer 


Figure 7. Pi 




Figure 8. Pressure Transducer Box 

Pressure measurements were obtained on the fan cowl doors of engine 3 (fig. 9). The 
arrangement was two rows of pressure taps, one on each side of both cowl doors, 30 deg 
from the top. Each pressure tap was connected to its individual transducer by copper 
tubing except at the hinges of the fan cowl doors, where a small section of copper tubing 
was replaced by a piece of flexible clear polymer. This flexible section enabled the doors 
to function throughout the test program. 

The pressure instrumentation on engine 4 was designed to substantiate a finding of the 
feasibility study (ref. 4) that suggested engine deterioration was independent of position. 
Therefore, engined inlet was instrumented with three rows of 15 pressure taps each 
spaced 120 deg apart (fig. 10) for a total of 4 5 measurements. These measurements were 
sufficient to indicate relative load levels between inboard and outboard inlets. 

Inertial Loads Instrumentation— Instrumentation for inertial loads consisted of accelerom- 
eters and rate gyros located on the engine and pylon (fig. 11) and the aircraft center of 
gravity. Linear accelerations were measured by Q-FLEX accelerometers (fig. 12). These 
instruments were used on both test engines and at their wing and pylon interface. For 
angular velocities, two axes of a three-axis Northrop rate gyro mounted on the two test 
engines (fig. 13) were used. 

Location of accelerometers and rate gyros is referenced by clock position, looking aft. 
Accelerometers were placed on the engines so that lateral accelerations were measured in 
the lateral direction at NAC STA 46 at 3 o'clock and at NAC STA 100 at 6 o'clock. 
Vertical accelerations were measured at NAC STA 46 at 6 o'clock, NAC STA 100 at 
3 o'clock, and NAC STA 100 at 9 o'clock, and longitudinal acceleration was at NAC STA 
100 at 6 o'clock. Rate gyros placed at NAC STA 100 at 3 o'clock were used to measure 
pitch and yaw rate. The six accelerometers on each engine permitted calculation of the 
linear and angular accelerations at the engine centers of gravity. 
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Figure 12. Q-F LEX Accelerometer 


Figure 1 7 . Inertial Data Sensors 


ACCELEROMETERS 


PITCH AND YAW RATE GYROS NEAR FAN FACE 


• Inboard and outboard engines 


SIX NEAR 
STRUT ATTACH 
POINTS 


FRONT / 
SPAR ^ 


FOUR NEAR 
FAN FACE 


^ TWO NEAR 
I INLETTIP 



Figure 13. Rate Gyro 

Accelerations were measured at the pyion/wing interfaces. The lateral accelerations 
were measured at the wing front spar and the rear thrust link attach point (fig. 14). The 
vertical accelerations were measured inboard and outboard of the front spar attach point 
and on the rear thrust link attach point. In the longitudinal direction, accelerations were 
measured only at the front spar. Each interface had a total of six linear accelerometers. 

Basic airplane information was recorded, including pitch, yaw, and roll angles, along with 
side-slip and angle of attack. Angular accelerations about all three axes were measured 
near the aircraft center of gravity. 

Clearance Measurement System— Engine clearance change measurements were made by 
PdcWA simultaneously with flight load application. Measurements were made on the fan 
and first-stage high-pressure turbine on the inboard engine and the fan stage of the 
outboard engine by a laser proximity system for each stage. Each clearance monitoring 
system consisted of: (1) the laser assembly (four lasers per box), (2) the input fiber optic 
assembly, (3) video camera assembly, (4) laser probe assembly (four probes per stage), (5) 
video monitor, and (6) video tape recorder (fig. 15). The installation is described in detail 
in reference 5. 

In accordance with the interface agreement between the two companies, P&WA provided 
all clearance monitoring system components and made the necessary engine preparations. 
Operation and maintenance of the system during testing were also the responsibility of 
P&WA. P&WA provided to BCAC the equipment necessary for installation in the airplane 
during the layup period prior to testing. 

Engine Performance— Engine performance data were required for the P&WA effort to 
correlate measured engine clearance changes or closures with performance losses. 
Primary emphasis was on engine 3, which had complete instrumentation. Minimum 
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Figure 15. Blade-Tip Clearance Monitoring System 



instrumentation to define engine speed and engine airflow and power level was provided 
for engine 4. Instrumentation for engine 3 was typical of that used for a performance 
engine test program and was compatible with that used during the pre- and postprogram 
base engine calibrations at the P&WA Middletown test facility. To better correlate data, 
the Boeing-owned flight high- and low-rotor speed tachometers (N2 and Nl, respectively) 
and the fuel flow meter were calibrated by P&WA and were used during the pre- and 
postcalibration at P&WA. The tachometers and flow meter were used on this engine 
throughout the entire NAIL program. 

4.1.2.2 Installed Propulsion System Aerodyneimics (IPSA) 

In addition to the inlet and fan cowl pressure instrumentation already provided under the 
flight loads portion of the program, IPSA required pressure measurements on the inboard 
and outboard pylons, core cowls, and wings. Figure 16 shows the location of external 
tubing strips used for pressure measurements on the wing upper surface. Three strips 
were used for each engine; one on the centerline and one on either side. On the lower 
surface, two strips were used for each engine, located directly below the upper surface's 
outer strips. Pressure ports on the pylon and core cowl were plumbed internally, and port 
location marks are visible in figure 5. Because IPSA pressure measurements were 
required only under steady conditions, it was possible to record the readings using 2^ -port 
Scanivalves connected to a Gould Statham differential pressure transducer. (A more 
detailed description of IPSA instrumentation is given in ref. 5.) 



Figure 16. IPSA Wing Pressure Measurement Locations 
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4.1.3 Test Conditions and Procedures 


4.1. 3.1 Flight Loads 

Testing for performance degradation was accomplished in several distinct stages to 
measure engine clearance changes resulting from various flight maneuvers. Once the 
installation and fabrication on the test bed aircraft were completed, an engine ground 
calibration was performed prior to the functional check flight. This calibration enabled 
comparison with the test stand calibrations by P(5cWA and provided a data base line for the 
flight test program. 

It was suspected that the first 0.8% loss in performance due to engine clearance changes 
occurred during the production acceptance test flight (fig. 17). Therefore, this test 
profile was chosen as the basis of the first test flight and was followed by a second ground 
calibration. Subsequent flights contained high-g turns and variations in takeoff gross 
weight. Under the test plan, each series of tests required a ground calibration after the 
particular series. Using these calibrations, performance deterioration was determined for 
each series of tests. The final ground calibration was performed after completing all 
flight testing. In all, five ground calibrations were conducted during the NAIL flight test 
program. 


• Flight conditions 101 to 115 are further specified in Table 1. 



AND GO reverse 


Figure 17. Acceptance Flight Profile 
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The test conditions actually flown (table 1) resulted fr 9 m compromise and various flight 
restrictions. Originally NAIL was to be a standalone flight program. However, the flight 
test was conducted concurrently with the 767/JT9D-7R4 test program, which imposed 
certain flight restrictions on RAOOl. The most significant restrictions were (1) to remain 
within the 767 design cruise speed and Mach number (Vc Me) limits of 667 km/h CAS 
(360 kcas) and M = 0.86 until the completion of all JT9D-7R^ test conditions and (2) to 
limit nacelle loads to 80% of the design limit. Upon completion of the 3T9D-7R4 
program, the 767 design envelope Vd limits of 778 km/h CAS (420 kcas) and M = 

0.91 were applied to the NAIL program. 

Because of the absence of inlet anti-ice provisions on the instrumented engines and the 
need to prevent accumulation and subsequent freezing of water in the pressure tap tubing, 
no flights were made in visible moisture. 

Because a functional check .flight and a ferry flight to the remote test site were required 
prior to any NAIL data collection effort, it was necessary to restrict the level of power to 
prevent performance losses in the analytically built engine 3. Therefore, all flights prior 
to the first data flight were limited to an engine pressure ratio (EPR) of 1.18 with no 
bleeds during takeoff and maintained a locked throttle climb to 3048m (10 000 ft) at 
which time normal operation resumed. 

As a result of the concurrent testing programs, data were taken over approximately 33 
hours of flight time instead of over the initially planned 15-hour maximum. The increased 
flight time resulted in a substantially larger quantity of data to survey and select from 


Table 1. Test Conditions Flown 






Pressu re 



Test condition 

Test no. 

Event time 

altitude, m (ft) 

Mach no. 

101 

277.6t (612 000 lb) GWTO (flaps 20) 

273-7 

6:41:44 

778.2 ( 2 553) 

0.250 

101 

244.0t (538 000 lb) GWTO (flaps 10) 


9:44:10 

812.9 ( 2 667) 

• 0.239 

101 

293.5t (647 000 lb) GWTO (flaps 10) 


10:13:52 

802.8 ( 2 634) 

0.254 

118 

353.8t (780 000 lb) GW simulated TO 
(flaps 10) 


8:13:18 

1 111.3 ( 3 646) 

0.296 

102 

Low climb 


■ 9:46:00 

1 786.4 ( 5 861) 

0.367 

103 

Mid climb 


7:28:44 

5 238.6 (17 187) 

0.599 

104 

High M cruise 

273-7 

7:49:26 

10 814.6 (35 481) 

0.859 

105 

Low M cruise 

273-7 

7:56:40 

10 824.1 (35 512) 

0.772 

106 

Max M 

273-15 

12:09:27 

11 270.9 (36 978) 

0.906 

107 

Inflight relight 

273-7 

8:12:53 

8 491.4 (27 859) 

0.721 

108 

Maximum q 

273-15 

11:39:00 

7 471.6 (24 513) 

0.836 

109 

Stall warning (flaps up) 

273-7 

8:18:58 

5 170.7 (16 964) 

0.391 

110 

Stall warning (flaps 10) 

273-7 

8:22:26 

4 949.7 (16 239) 

0.347 

111 

Stall warning (flaps 30) 

273-7 

8:24:52 

5 196.5 (17 049) 

0.270 

112 

Idle descent 

273-7 

8:28:56 

2 575.6 ( 8 450) 

0.439 

113 

Approach 

273-7 

8:34:27 

1 829.7 ( 6 003) i 

0.265 

.114 

Touch and go 

273-7 

8:40:36 

780.6 ( 2 561) 

0.263 

115 

Thrust reverse 

273-7 

8:46:00 

780.6 ( 2 561) 

0.179 

116 

2.0g left turn (flaps up) 

273-10 

13:33:58 

2 559.4 ( 8 397) 


117 

1.6g left turn (flaps 30) 

273-10 

13:41 :07 

2 500.0 ( 8 202) 


120 

2.0g right turn (flaps up) 

273-15 

11:04:03 

2 511.5 ( 8 240) 

mS^m 

121 

1.6g right turn (flaps 30) 

273-15 

11:07:25 

2 523.1 ( 8 278) 

0.266 

123 

Airplane stall 


13:26:17 

2 743.2 ( 9 000) 

0.207 

124 

High gross weight landing 

■ssn 

8:20:49 


— 
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and provided additional conditions for analysis. 

4.1. 3.2 Installed Propulsion System Aerodynamics (DPSA) 

Four test conditions were flown in the IPSA portion of the project. Three were in level 
flight at Mach 0.77, 0.80, and 0.86. The fourth was a shallow dive at Mach 0.91. All were 
flown at representative cruise altitudes and lift coefficients. A detailed description of 
the test procedures is given in reference 3, section 4. 1.3.2. 

4.1.4 Test Data Format 

The data collected during the NAIL program required extensive use of the airborne data 
analysis and monitor system (ADAMS) (fig. 18). Of particular concern was the ability to 
assess real-time data quality for flight decisions, because 1023 channels of measurements 
were being made during the combined test program and no ground-based analysis system 
was available at the remote site. It was necessary to send the flight tape to Seattle 
shortly after completion of each day's testing. This requirement did not allow rerunning 
the tape on the ADAMS. Therefore, essentially all decisions were based on real-time 
displays of data on the ADAMS during flight. 



ttmt, 

mmJ 


Figure 18. Airborne Data Analysis and Monitoring System (ADAMS) 


A single ADAMS could not handle the volume of data required by the 3T9D-7R4 and NAIL 
programs. The expanded data handling capabilities of the analysis groups doubled that of 
the basic system by using a second ADAMS on the RAOOl. The quantity of data collected 
during the program required system modification in order to minimize testing and 
preflight delays. These modifications to the onboard flight test system (fig. 19) provided 
adequate remote-base support to the flight test program. Several hardware and software 
changes to the basic ADAMS were implemented to accomplish this support. 
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Figure 19. Test Airplane interior View 


Two other significant hardware changes were made to the basic ADAMS. First, a fixed 
head disk for program and measurement information storage was used. The fixed head 
disk eliminated loading information from tapes each time the system was brought online. 
This improvement was vital because activating the system required 1 to 2 min rather than 
15 min as projected, based on the number of measurements required. A 15-min delay was 
unacceptable in terms of cost, if the system should malfunction once airborne. Further, 
rapid selection of preselected data sources was also a requirement in view of the quantity 
of data being measured and the concurrent test program to permit the test engineers to 
track their respective data. Second, a data measurement selector was incorporated into 
the ADAMS. This was necessary because measurements for approximately 1023 parame- 
ters were obtained during the flight test. The data measurement selector sent data 
preselected for output to the digital-to-analog converter. 

The original ADAMS software could not support the NAIL program during remote base 
operation. An onboard pressure coefficient program was lacking, and thus development of 
an interim program that satisfied the needs of analysis was necessary. The program was 
developed to use the Brush recorder as a quasigraphics system and to use the line printer 
for summary outputs. The program could calculate pressure coefficients for up to 16 
measurement groups with a maximum of 20 pressure ports each. The output of the 
program was displayed on the Brush recorder while a summary table of port differential 
pressures and pressure coefficient values was printed on the line printer. This information 
was output either continuously or upon keyboard command for a predetermined time 
interval. The program provided real-time information for determining data quality and 
for making decisions on subsequent test conditions. 

Final data were supplied as tables, computer-generated graphs, and data files on magnetic 
tapes. Table 2 is an example of pressure coefficient data. Table 3 is an example of 
engine performance data, including airflow. 


25 



5 

nj 

Q 

4 ^ 

I 

s 

I 

I 

I 

i 2 

0 

•Si 

1 

fsi 

>SJ 

■s 

t 2 


0£ 

a. 


O o »- «r r MM f a rj r I rn f». #r, *0 *T nt r^i o 1/1 »n cr. »n c> —t v» CM 

u'»fln*ou.o «0 

^ o A. ►I m ^j «■» m rf-* kAiinfun *n m*nm »r» »r> »n Nf »n iT« *r> u> *•»«'**'' ^ vT .1,1 »n 

^ INI r>ifM rg rj rw ra cjrg (Si rgcvf^ racM CJ fs^fjci fJ rg rg fsi <sj ig cj rj fsj rvj rjtg rgrg oi rgrj f j rsi 

^ ^ I I I I I I I I I I I I I I I I I i I t I t I I I t ■ I * • < I ( I I > t i t 

«-• <g> 

«n»- «o r»vn<Mf^r«-^r>.<-»f«..iM»ocJog^04r>c-»»oKi»r*rfs>i>*0'X»»-<«0*0'<0'n»o^ — g^»o-r>v»-n*o»-«»n 

tn a. «0 r*. •”< C «0 eo to o *<i -g» f> o r» i-> rv r» ^ »-i r^ r>» * 4 U *' »-• I ' * » eg gs f j •-• f*' ^ u» «,« 

lu »A sT'»^*OsT^%i'srvr*n»j'%»’^a*n(n^»nvTminir*s»’sr»/s»''»'(Osrs/s»>>’tA»xu^gtM^«'><ij-»o»»-inift 

222 *^ C 30 *^ouooc^ooocjc-<cjoo«r>c»ooo*jC 3 t>cj<~»oc>ncr>cjt>oocjora<joo 

o ^ f «■ <M f j r j to K> f>^ »o rg rg N. K> ♦n V* vf a* xT €► cr* sr o* w» iM r^i ^ iTi i-i iT> 'T. ^ eg fvj f«» r* 

UJ (*' rg ir r*“ Cs# x»> c*“ «i> »n fj gj O x/> o xfi (SI xo *»‘ ( g gi (M »( '> 'O *^ ( • fg -Tt *3 

»— o A. rj iw ,- j ^ ^ ts, rgrg ri rg rg rg ( j rg pg ro rjrsi < grg eg tg »g f J t>i rg fg «g*^ (g — -o rg xT to ci 

<g rj fO eg ri (%i <sj fj rsi rj rj (si rg c\j <si Psi csi fvi fj rg r J ri rg rj rj (M rg rg rg CM <g eg ^J rj rg fg rg fg pg 

zz m I I t I I I t j ( I » I I » I I I I t • I I I f I I I I » I I • * • 

►-•in ^ 

to a. r, ("s kT» g^ r^» rg o pg « g fg pg pg *o r.i t'l pg e» '-*1 T( o «j »o CM rg tg ui lo ig <-• (*3 o 

u to ^^^^^* 4 ^^^,o^xflx*j'g>g>'^g>xt#gs>g»>o’iJog>g>' 4 /g>g>og>'*'g>'g>xo>A«g>'i«»p>gc^p* 

2 ^t>ooor>cior:»oor)ooMOOOOOOC 3 ^raoooooo^otuo^ooooo 

LJ%»-.rrxr>w^kp>xO«oor>.vn^O(Okn^ntr>#ir>.«Oor^r^g5«(Cu3inf^wj»oto»r(P^CPp^^p^xr^*-( 
OC 4*j ox r»» ^ ^ f*. CP m u» tn »o to »»* m CP .-g gi *“( to •'! V* *o fx. i#t O' I • f'- *0 <1* C9 o 

LU xT o 

z ^ t I I I I I I I i I I I I I I I I I I I I I I I I I 

•o x^ ^ 

J, ” PI ^^JfsJ^^«=>oxrg»-.r-.^^^^OfOpgpgpg^rJ-^c^pgpJ*o->*^^o-^^Jxr— «pg^tr>^io«oxroo 

iAA_ r^must^CT‘Oinr«.r>^rx.< 7 *p>.i'i;OkO»f>.knc*'r^o^<r^r^mt^CT“iri( 7 'r^fO.— •r^^vr^»-*L'smir>»o 

Ui (/> • 3 tO* 3 lO« 0 C^* 3 «« 0 « 0 «J« 0 »')t 0 P 3 «>«< 0 » 0 « 0 « 0 O'tO« 0 « 0 gQt 0 «O» 000 « 0 P^e 0 <^< 7 'CP'*Jf^* 0 O^O^ 

^ 2 ^ oe>ooo(T>oc>oc»ooooe>ooo<oooooooooc»oooo( 3 ooooooo 

og>x^g>g'p-o«^g»g>pgp^rx-,-i^rgpgf^rg-^pgpgr'**^<—pg'p»onr^inr-.e^o<r'xg-trnr»xo.-ixo 

Hj 5 ^^t:,,ooiOrv(Oiogroorx.*or^rx.»opx.op^p^*otoor'*xrrxCJ»orx.et‘px.t/x^K>ioc*ps.»o 

»~oo. *-*aTKnnxrxA<rrOxTvT(Otr(i/»xrsrxTxr> 3 -xr'rxrx»’'J'sTxJ’j-kn 4 r>Lnxrm'Oxrrorox 3 -xyir>xr<r 

Z ,o I I I 1 I I I I I I I I I I I I I I I I i > I I I I I I t 1 I I 

»-*»0 *o . 

J>w PI »y,yxrxr«^xraxpgoor>.iOiOpgopgfgorO« 0 '^»^«=>c>* 5 »oto<=>tO'-<o«o»o«Oxo--<-«xOxJ'.-* 

UI «/» 0'C7xoCrO0'OOOOC0OCr«OC3OOOOOOOOOOOO<T^ex«=>0'C3OCJOC3OCT'OO 

f— < a-4 f— 4 »-* »-t ^ p— « ■— « f~* *— • «»—«•— *-* •—» rH •—* »~4 •—••—* •-« #p« 

Oor>.«(A»Oir»wortx/>fOro.-<*o«o^^o^x?-xr^pg'g>*--i^tOcO<=»knrx.trK,- 3 pgp^r^ir>»o»oto 

M jtic 4 oocoiP»<^Ji-'^*p>«<umrgrgo'« 0 '-'pgpg(npjrgpJosxrt(riPJpgw*opgtP'iO»A»Acg»nc- 3 »nrg*Nicj 

^ o A. ,-,rg^r-t.-(«-*i-(o^^-(^i-to^TOpgpgorg»-«»-ic>0'»-*fvipg*-(*-*pg— 

UJsro * 

1 (xj ^ ^ ^ .—4 f_« .—4 ft ft ft f—* 1—4 ^ r<g ft ft ft ^ O »-H «>H ^-4 ft ft ft ft »— 4 .—4 f-H r-4 »-4 ^ r-( 

z eg 1 I I I I I I I I I I I I I I I I I 1 I I I t t I 1 I I i I I I I t 1 I I I I 

•-• pg pg 

I o N 

«/>►- to pgxOPgrsjoOxT«o*p*pj* 0 'J'xropg*or>xrxrx.f^ 4 p«in^Ln<T>rxP^*o»Ofx.c?‘*ocp«D<g>oOxro>o>g>xg> 

I/) Q_ tr>pokOLr>g>«o«g>— 4(n'g>*>o*oomfcO»oio.^»otOftO«=»xoxo*o*oiomK>x£)tnxo-H«.-4mp«.«o«3to 

LU tn ,.^..-i^^.-.i^.-irj4-*»-i»-i.-ng.-io4-4.-trji-(pgiocgcg*-ipgpg4-»»-‘'g»-*'-*»-‘pg<-gcM'^'^'^^*-< 

K> A. 

f\ 14 J ^ ,—4 ft ft ft ft ft ft ft ft ft ft fi ft ft ft ft ft ft ft ft ft ft ft ft ^ ft ft ft ft ft ft ft ft ft ft ^ 

ftftftftftftftftftftftftftfiftftftftftftftftftftftftftftftftftrlftftftfiftftft^ 

OoxoiOo<oo»«ofgr>.rgxT 04 -io(gp-ix*caoxrine» 4 -<«o* 04 g»t^pgxJ’<^KtOOMA*- 4 (no( 0 €^ 

Ot UJxrPjopg»OxO>/>^CTxeOxrixT.^xy*— 4 xT'tor^o«-t 04 p>x?-xj-xo«OPJ<^'-*eO'OOin 4 orj>— 4 rj.— 4 COxa 

^oCL |w( 04 -i 04 .g€»*o«oo*OP^«^oooc»o<^>ooosax«oo<o(p-<^«Oo*-goot^o<^o^« 00 ‘c» 

UJ<tf ‘0 

_j _H.p.,.,^«t 04 -»o*-(oe>o»op-ii-(»-(t-(o*-i 4 -iooopgoooo 4 -(<-(»-(»-«o*^o<-gooo»-* 

X ^ I t I I I I I I 1 I I I I I I I I I I I I I I I I I 1 I > i I < i I t I I ■ ( 

*— 4 ft rg 

to H- w xatrspxipx-pgxJ’4— (c»^xo»o«ouso‘^oo«^»-4Pgxj’<P'i/S'/>^x#‘torx.oiripg«oo''OK)*~4xTOi/>»o 

4/1 Q_ 4 >x />j *0 ^ «0 tP' 440 oxiT>>£jrjxy-pgxr<jiA»- 4 »— 4 tr 4 xofgpg.— 4 ir\«ocr'xTi/Sr- 4 < 7 './ 3 pg€OxTe 3 xri/^^ 

LU lA cgfgp^- 4 -^fgrg*^rgrg»orgpgpgpgrg<gfgrgfgcgpgiorg»opgrgrgcg»-irgi-«cgpgtsirgpg»ofgcg 

ocpoq. * * ' ‘ 

e>»T>ir»tP»mmiP**n 4 A»P>gMr»iAiAirMri\Pxa' 0 ’^x»'<rxJ-xj-xpx 3 '<r 4 rnnirMrnrnA(ntrnrnr 4 (AtA»A 

|jfl»..^f...x><-.»r»>r»>r»>.rTxr»xf».f>»r^<T>CT«cy.C>xt^Oxtyxcy«^Ox<y.g>CT>C^ 0 x<y«ty»P>-P>O>CP’Cr>C**(y‘O>^ 


O 

kJJ 

O 


oooBQoSHooocoooooooooooQooooaooooaHoaooo 


• rj 
»i pg 
n • 

Xp O 

o 

X o 


C. II Uj 
' J KO 


o 

oe 


at 

OOi'l- 
ft' ►->< X 
LU po UJ O 

03 4-1 o 4-4 

j: to iu 

Z 3 O O 3 
X 0 - X 

4-4 to 

X a. OtA 
O -< X o 

^ «X ft' 
1_ I- -J o 


K>fg»TMO 

.px. x^ 

lA O xP O 
xT xA • • 


UJ o 

UJ UJ Oi 
A.CJUJP- 
tA tA 3 ft' < 
lu ct 4 - or 

o •-• 4-4 xA UJ 
«t «t 4- tn _l 


QC 

D=> 

CZ 

uiUJ 

zz 

« < 


X x»'x»*xyx»'xPxTx*‘x»‘>»'x»‘xyxTx»'*»x^s»’s^s»'x»-xrx*'x»’xrx»-xPxrxrx»'xyx»*^xa-*rf‘x»‘x»'xyx»-xyxrx»’ 

Q .— 4 x 0 ^ 0 — ^xO— Hx^.— 4 x 0 ft tO ft >0 ft tO ft \S> ft ^ ft ft ft ft ft ft t£) ft ^ ^ ^ ft 

o o o 40 ^ pg pg lO fO ^ x»- »/> to g> g> r«* P% «0 «o o» c» o 4 ^ »~4 pg pg lo Ki xT xr (A iPi xo *o p'x p ' «0 *o O' 

*f UJ 

<r LU «A 00000000000000000000 »- 4 »~i-x— 4 .- 4 .- 4 -^.- 4 - 4 .- 4 .- 4 ^.- 4 -^-- 4 r- 4 .- 4 ,^- 4 »H 

xn I pgpgpOpgpgrgpgcgfgrgpgfgcgpgrgrgpgpgrjrgfgcgpgfgfgpgtgfsjpgcgpgrgpgfviPsipgpJCMfMfNi 

40 IOX t I I t I 1 > ) I ( I > I I I I I I I I I i i I t I I I t I I I I I I I ■ I > I 

o k- 4-4 tO»O*O»O» 0 »O» 0 »OfOK>» 0 *O*OlO»O»OPOrOtO 4 O»O»< 0 »O»O 4 O 4 O 4 O»O*OrO»O 4 O»O»OlO»OiO»O»O»O 

IK C to to »0 K 1 *0 lO to to »0 »0 »0 to K> *0 ro 40 »0 *0 to 40 »0 to »0 40 »o lO to lO 40 40 40 »0 »0 to »0 K 1 40 40 »o »o 

o I t I t I I > I I I I I > « I ' I • • I I < ' > I > I I ( t I I I > i • ' > ' < ' 

O tx « IQ MM « 0«0 < 0 « 0 «>« 0 M «0 ««O«O «0 «0 «} «O «0 «0 «0 «0 «0 «0 to iO to « «0 «0 ao «0 to «3 «0 «0 M «0 «0 


*1 Ox O 

X CL =J -g 
o CO H < 
tA «< x: 


26 


o««t 
•CM 
iOM 
O I 













MM 

z 

z 

p> 

z 


9 O 





o 







zz 

o 

o 

m 

o 







z 







a. tL. 

xe 

X e 

pn o 

xo 


o 












oz 






X o 


•n 

•-4 


X 

►- 









o 

e 

M O 

o 


X 

X 

OM 


o 
















m20 






Z O 

< 

< 

1^ 

< 


zoo 

z o 

z o 

*o o 

z o 


MUIX 






•J Ul 

o 

o 

« 

o 


u. (M m 

OCM 

O CM 

OCM 

OCM 




c 



o 

ft. o 

X 

X 

CM 

X 


u. X V 

X CM 

XCM 

PO CM 

XCM 


. 

O OUl 





z 




P*. 



330 






X uo 












M 

fs 

r«* 

Mr** 

M 


ooz 




X 














ooz 


»oo 




X 






m m 

z < 

z z 

. 

zz 







< U. o 

z«n 

< m 




• < z 

oo 

oo 

ZO 

oo 








> O Ul 

o ^ 

o ^ 

• M 

o^ 


CM AZ 

XX 

X X 


X X 




o ^ 


r- 


«o in o 

XCM 

XCM 

ecM 

xz 


1-3 V 








z 



♦ 


« 

z 

«ft 

z 


z z 








s 



•o 




• 











H- o 


Ui 

9i 


• 

e 

o 

o 










in ^ 
Ul 


X 


V 

> Z «n 

z< 

z z 

Of*. 

<< 


X MCM 

P»M 


P* M 

CM 9 


o 


3UJ 




A ft. o 

oo 

oo 

• »n 

oo 


4t ZM 

M9 


m9 

O 9 


4ft 


<>>- 




«n Aft. 

XX 

XX 

M • 

XX 


uz u. 

M O 


M*0 



V 


lii< 

«o 


r* 

<0 

o 

CM 






z< 

ez 

CM 

oo 

oz 

CM 

oz 

CM 


M 

V 




< 

Oi 





<< 

oo 








2 

a 



Ul 

z 

4ft 

n>» 

z< 

oo 

< < 

oo 

fs.m 

CM<4» 



zz 

z z 

PO PO 

zz 



j? 



»- 

O 

19 ft. 

XX 

XX 

me-* 

XX 


zz 

oo 

oo 

XX 

oo 

X X 

f-CM 
9 r*. 

o o 

XX 



Q 





ft.«ft 

tL. 



m CM 

OM 



oo 



P*9* 



>• 

z 

Q) 



f4 

o 




CM 






oo 



z 

O 



»- 

»n 














S 



mt 

Ul 



< < 

< < 

mcM 

<< 





M40 

zz 


M 




o 



oo 

oo 

K»0* 

oo 



zz 

zz 



c 




o 

ft.iL 

XX 

XX 

POO 

XX 

>■ 

zz 

oo 

oo 

9 O* 

oo 



c 









z 

oo 

XX 

X X 

9 Z 

X X 


c 






fMPo 



MM 


< 

oo 



P*9* 



z 




A 

c 

•o 

Ift 

O.IL 





i 

o 




oo 



z 

o 

o 




< 







IT 








0* 



•J 

>- 

I- 1- O 

<< 

< < 

• * 

o< 












Ul 

• fir 

< < in 

oo 

oo 

mo 

oo 

•i 

z 

z 

z 





0) 



o 

o < 

33 V 

XX 

XX 

CMP* 

XX 

M 

40 

o 

o 


o 



.5 

>. 



C 

ZM 



r«* po 



c 

X 

X 


X 






c 




M 



M 







Ujj 

4C 

«« 


3 






UJ 

z 



• 




c 


o 

m <n 






c 








I 

< 

o 

•HZ 

f-. 

z 

Z 

oo 

oo 

, , 

oo 

X 






in 


m 


ClX 

^ o 

U.U.X 

oo 

oo 


oo 

o 




CMM. 




s«* 





33 V 

MM 

M M 

lOPO 

MM 

M 

zz 

z z 

z z 

z z 

o 


O 

It, 

ac 


4C 

Z A 



eo 


M 

zz 

oo 

oo 

Z 9 

oo 

z 




4C 


z 

w 



mo 


< 

CO 

XX 

XX 

M O 

XX 

z 


c 

Ul 



Ui 




M 


.J 

MM 



oe 


Ul 


.o 

*>. 

a. 

o. 

£ 

o 

X 

4» Ul 






o 

o 

zz 



M M 


> 

z 



o 


•-4Z 

u> O 






M 








CIS 

z 

c 

«n 




z< 


o< 

< 






X 



ui 


ft. X 

•<4 «n 

r<» r<N>Z 

oo 

oo 

eo 

oo 

u 

c< 




zz 

o 






p4 4( 

V 

XX 

XX 

O 4T 

XX 

1 

zz 

zz 

CM P* 

M 


•s 

•l 



o 

zo 




»- 

<z 

oo 

o o 

fOO 

o o 











«n 

zz 

XX 

XX 

or*. 

XX 

M 












o 

r<*Z 



pOPO 


o 


K 



o 







z 

^z 



• • 


X 






f*. 


<< 

<< 

• • 

< < 

X 

z 



M M 


o 




N>0 


iO<aZ 

oo 

oo 

O P> 

oo 

1- 






o 





^Ul 

CM 

»-4- V 

XX 

XX 

Wf- 

XX 









& 



o 


zo 



oo» 



c< 

zz 

z z 

99 

zz 

Ul 

z 


5 











«z 

oo 

oo 

poin 

oo 

z 


Co 











zz 

XX 

XX 

O P* 

XX 





o 



<< 

<< 

• . 

<z 


mz 



r**z 


o 


ll> 


c 

N 


oo 

oo 

4T 40 

oo 


CMZ 



• • 


Ul 



<n4 


<o 


CM CMC 

XX 

XX 

4rco 

XX 


z 



MM 


M 



1 


Ui 

O 

zzz 



I0 9* 










»o 


o 

PO 

zz 



oo 








oe 


-32 

r% 

CM 



1 








zz 

zz 

• • 

zz 

z 












zzo 

oo 

oo 

ZCM 

oo 



-Q 



E 








MMin 

XX 

XX 

9 O 

XX 

m 



<n 


<o 

in 







33 V 



ZM 


Ul 


K 

Ul 





z< 

<< 


z< 


o 





o 






M 


oo 

oo 

oo 

oo 


•J 










UIUI 


i «4 .-t C 

XX 

XX 

OCM 

XX 







z 





oo 


Z X z 



r**o 




zz 

z z 


z z 

> 






zz 



CM CM 



cem 

oo 

O Q 

OCM 

o o 













< <o 

XX 

XX 

z o 

XX 

mJ 













Z Z«J 



40 0* 


mJ 



o 



ift 







zz 



PO m 


m 



e 


u> 








z 



M PO 





•< 4 ^ 


>H- 

«r 



















oo 

oo 

oo 

oo 

oo 



zz 

oo 







r^S 



to 

U.U. 

«nm 

oo 

M M 

oo 

MM 

r**CM 
9* 40 

oo 

MM 


zz m 

z z 

oo 

90 

z z 

oo 




r^c£ 




z 



on* 



ooo 

Z ZM 

XX 

XX 

oz 

por** 

XX 




ce 



p 4 




oe 



z 



mio 





-j kij 


















MJ oa 


c 

«i 0 















oc 

O 3 
CX 



o 


z <c 

o o 

oo 

CMO 

<z 

oo 


zzm 

zz 

oo 

zz 

oo 

Ps, CM 

zz 

oo 







zx«n 

XX 

XX 

M P-. 

XX 


ooo 

XX 

XX 

O M 

X X 




Ui tu 




U.U.S 



CMO 



zz^ 



z o 





XX 

<< 


►- 

<o 

Z mJ 



h-40 

M 



z 



r*» m 

M9 







ft. Ul 

r- 















LA. 


xui 
















Of 


u. 

<r 

o«n 

•< 

< 

< 

z 


o 


CM 






*-• *<4 



CM 

X ^ 

mO 

CMO 

mo 

90 


X 

M 

PO 

9 




<< 



ui«n 

X 

X 

X 

X 


ul 




1 




27 


4.2 TEST RESULTS 


4.2.1 Aerodynamic and Inertial Loads 

4.2. 1.1 Aerodynamic Loads 

Pressures were measured at 252 ports in 12 rows nominally 30 deg apart on the inlet and 
fan cowl of engine 3. The actual spacing varied slightly for some ports because of 
installation and arrangement requirements. Fourteen ports were found to have defective 
or doubtful transducers, and the indicated pressures of those ports were not used. 
Pressure data are presented graphically and in tabular form in Appendix A of reference 3, 
along with port location details. 

To compute resultant airloads from the pressure data, a previously developed computer 
program was used. It approximated the inlet and cowl geometry as a series of conical 
frustums and adjusted for the tilt of the inlet axis with respect to the nacelle centerline 
by insertion of wedge-shaped surfaces. This procedure was checked by comparison to a 
method based on a complete three-dimensional geometry definition. Resultant forces 
differed by less than 3%, and resultant yawing and pitching moments at the engine face 
differed by less than 1%. (Rolling moments differed by 3.5% but are not significant 
loads.) 

Figure 20 shows the coordinate system and sign conventions used. Note that the 
coordinate axis labels are not those commonly used for airplane body axes. In this report, 
the z axis coincides with the engine shaft axis and is positive aft. The x (vertical) axis is 
defined by the intersection of the center plane of the nacelle strut and the plane of the 
engine front face* and is positive upward. The axis is normal to x and z and is positive 
inlxjard. (This is a right-handed system for engine positions 3 and 4. Nose up pitching 
moments are negative.) 



*The inlet is attached and inlet loads are transmitted to the engine bolts through the 
A-flange at this face. 
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The effect of measurement error on the accuracy of the loads has been estimated on the 
basis of error calibrations of the Endevco 8510 pressure transducers. 2The highest root 
mean square (rms) error of these transducers is 226 Pa (0.0328 Ib/in ) at the extreme 
range encountered. 


This implies the following upper bounds for the rms error of the resultants: 


Fy and Fy 

Fz 

Mx snd My 
Mz 


921 N (207 lb) 

681 N(153 lb) 

1226 N-m (10 850 in-lb) 
802 N-m (7100 in-lb) 


The relative error for the largest M is about +2.4%, and about +5% for M . 

y ^ 

Table 4 gives resultant loads along with key airplane and engine parameters for 23 flight 
conditions. 


Other cases given special attention were the turns at constant altitude to achieve a 
specified load factor. Engine clearance changes during these maneuvers were due to a 
combination of aerodynamic loads, g-loads, and gyroscopic loads. Condition 116, 
nominally a 2g turn to the left, was run during test 273-10 and achieved a load factor of 
1.99 at IRIG 13:33:58. The A-flange moment was 29 850 N-m (264 200 in-lb). The 
indicated pitch rate was 4.29 deg/s and the yaw rate was about 2.9 deg/s on both engines. 
A 2g turn to the right was performed during test 273-15 (condition 120) at IRIG 11:04:03. 
The moment was 27 100 N-m (239 500 in-lb), pitch rate was 5.5 deg/s, and yaw rate was 
2.8 deg/s. Turns of 1.6g at flaps 30 deg were performed to the right and to the left. The 
left turn occurred during test 273-10, IRIG 13:41:07 (condition 117) with a moment of 
32 1 50 N-m (284 600 in-lb), pitch rate of 6.5 deg/s, and yaw rate of 3.7 deg/s. The right 
turn occurred during test 273-15 (condition 121) at IRIG 11:07:25 with a moment of 
31 900 N-m (282 000 in-lb), pitch rate of 7 deg/s, and yaw rate of 4.7 deg/s. Finally, an 
airplane stall occurred during test 273-10. The moment peaked at 41 500 N-m (367 000 
in-lb) at IRIG 13:26:16. This relatively high load level resulted from a very high angle of 
attack. 

So far all loads presented in this section pertain to engine 3. Preliminary review of the 
test data indicated that the pressures on engine 4 were very close to the pressures of 
engine 3, implying that the loads were about equal. Comparison of the aerodynamic loads 
determined in the NAIL program with the loads predicted as part of the analytical studies 
of the impact of flight loads on engine performance (ref. 3), indicates that: 

• The most critical operating loads were higher than predicted because of higher 
angles of attack than had been expected. 

• The cosine law for the circumferential pressure distribution is only a rough 
approximation of the actual distribution, especially in the critical region near the 
"highlight" (front edge of inlet lip). 

• The minimum pressure is skewed about 20 deg from the vertical near the highlight, 
but the skew angle approaches 0 deg further into the inlet. 
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Table 4. Engine 3 Resultant Airloads 
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4.2.1. 2 Inertial Loads 


Normal accelerations measured during takeoff and flight did not exceed 1.3g except 
during the high-g turn maneuvers. No significant turbulence was experienced during the 
NAIL program. The difference between g-loads measured at the airplane center of 
gravity and those measured on engines 3 and 4 was within the scatter of the data. In 
other words, the instruments responded only to steady-state accelerations of the whole 
airplane, experiencing no significant contributions from wing or nacelle flexible modes. 

An exception to the steady-state accelerations occurred during a hard landing in test 
273-13. The airplane landed at 313t (690 000 1b) gross weight with 135t (297 000 lb) of 
fuel and a sink rate of approximately 1.5 m/s (5 ft/s). Vertical acceleration at the 
airplane center of gravity was 1.53g, with peaks of 2g at engine 4 and 1.7g at engine 3. 
Another exception occurred during test 273-10 during which a mild gust was encountered 
at IRIG 12:11:52. Normal accelerations were l.OSg at the airplane center of gravity and 
1.3g at the engines. Details of all these cases are shown in Appendix A of reference 5. 

Pitch rates during takeoffs did not exceed 3 deg/s, the peak value being achieved before 
reaching the maximum load factor. 

Takeoffs— Four takeoffs— one at flaps 20 deg and 277. 6t (612 000 lb) gross weight and 
three at flaps 10 deg and gross weights of 244t (538 000 lb), 293.5t (647 000 lb), and 353. 8t 
(780 000 lb) (simulated)— were selected for detailed loads analyses. For two takeoffs, 
time histories of resultant loads were calculated for the purpose of correlating maximum 
clearance changes, whenever they occurred, with the aerodynamic loads. For the 353. 8t 
(780 000 lb) takeoff, which was simulated by a pullup maneuver at 305m (1000 ft) above 
ground level, the analysis was done at the instant the correct airplane lift coefficient was 
reached. 

The flaps 20 deg, 277. 6t (612 000 lb) gross weight takeoff was the initial takeoff for the 
entire test program. Peak load was reached at interrange instrumentation group master 
clock (IRIG) time 6:41:44. The pitching moment was 37 200 N-m (329 000 in-lb). 

The 244t (538 000 lb) takeoff occurred during test 273-10, and the time history covers the 
IRIG span of 9:44:00 to 9:44:11. Time histories of pitching moment and airflow sensor 
vane angle* during the takeoff rotation are given in figure 21. The direct relationship of 
load to flow angle is evident. Also note that the maximum moment for this condition, 
45 300 N-m (401 000 in-lb), is considerably higher than the maximum for the flaps 20-deg 
takeoff. 

The 293. 5t (647 000 lb) takeoff occurred during test 273-11 between IRIG time 10:13:46 
and 10:13:55. The pitching moment time history (fig. 22) shows that the maximum aero- 
dynamic load occurred at IRIG 10:13:52, with a nose-up moment of 48 000 N-fn 
(425 000 in-lb). The load factor was 1.1 7g. 

The simulated high gross weight takeoff occurred during test 273-15 at IRIG 8:13:18. The 
actual gross weight was 316t (696 500 lb). The simulation was achieved by performing a 
pullup starting at 346.5 km/h (187 kn) and 1111m (3646 ft) altitude (about 305m [1000 ft] 
above ground) to produce the same combination of airplane lift coefficient and dynamic 
pressure that would occur during a 353. 8t (780 000 lb) takeoff. (The original intention 
was to simulate a 372t [820 000 lb] gross weight takeoff. However, insufficient allowance 
was made for speed reduction due to increasing climb gradient in the pullup maneuver.) 
The moment at the A-flange was 48 600 N-m (430 100 in-lb). 
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IRIGTIME 

Figure 22. Inlet Airload Moment Time History, 293.5t (647 000 lb) Gross Weight Takeoff 


Other Cases— Airloads for conditions other than takeoff were generally much smaller. 
However, certain cases were analyzed in greater detail because of possible adverse 
combinations of aerodynamic loads and thermal transients in the engine. Figure 23 shows 
a time history of the pitching moment at the engine face, engine airflow, and body vane 
angle for condition 110 (stall warning, 10-deg flaps). The maximum moment, 34 500 N-m 
(305 000 in-lb), coincided with maximum engine airflow, cilthough the maximum vane 
angle occurred earlier in the maneuver. The result shows that engine airflow is of 
comparable importance to angle of attack in determining inlet airloads. 

4.2.2 Instcdled Propulsion System Aerodynamics (IPSA) 

Surface static pressures were measured on the right-hand nacelles, pylons, and neigh- 
boring wing surfaces in three separate test flights. Data were acquired at M = 0.77, 0.80, 
and 0.86 during the initial IPSA flight, test 273-09. Instrumentation problems revealed in 
this test were partially corrected for the second flight, test 273-12, in which data were 
acquired at the same test conditions. The third flight, test 273-15, was flown primarily to 
fulfill the remaining Mach 0.91 test condition after the speed restriction imposed by the 
other Boeing developmental programs was removed. 
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Figure 23. Relation of Iniet Airioad Pitching Moment to Angie of Attack and Airflow, 
Stall Warning Maneuver (Flaps 10) 


Because IPSA testing was intended to create a data base of surface static pressures from 
a full-scale aircraft, no analysis of the IPSA data was planned or required. Pressure 
coefficient and local Mach number distributions were plotted for each row of pressure 
orifices at every condition for each test. Data points considered questionable because of 
instrumentation problems were removed. The plots, as well as details of the test 
conditions and data reduction, are presented in Appendix B of reference 5. 


*The airflow sensor vanes are mounted on both sides of the fuselage near the flight deck. 
The flow angles indicated by the vanes are influenced by flap setting, wing upwash, body 
crossflow, and other factors and should not be construed as airplane angle of attack. 
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5.0 ANALYSIS OF FLIGHT LOADS 


5.1 SCOPE 

The installed propulsion system aerodynamics (IPSA) portion of this program consisted 
solely of data gathering. That data will be used in studies of wing/strut/engine 
interaction to be made and reported in other programs. No analysis of it will be given in 
this report. 

The remainder of this section is devoted to analysis of and commentary on the nacelle 
aerodynamic and inertial loads. 

5.2 AERODYNAMIC LOADS 

Figure 24 provides an overview of the relative importance of different flight conditions by 
comparing their pitching moments in bar chart format. The takeoffs, the flaps 10-deg 
stall warning maneuver, and the airplane stall are the most severe conditions. No others 
exceed 35 000 N-m (310 000 in-lb), and the remaining conditions occurring frequently in 
airline service (climb, cruise, descent, approach, and reverse thrust) are all below 
22 600 N-m (200 000 in-lb). 
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5.2.1 Takeoffs 


The airloads were examined as functions of time during the takeoff maneuver. Figure 25 
shows the inlet airloads beginning at the start of ground roll (test 273-15, first flight), 
continuing through takeoff rotation, and going on to the simulated high gross weight 
takeoff (symmetrical pullup maneuver) and subsequent recovery. Figure 26 shows key 
flight parameters (engine airflow, calibrated airspeed, normal acceleration, and altitude) 
for the same time period. 

At first, the largest force component is axial (Fz)* The engine, reaching takeoff thrust, 
draws a high volume of flow around the inlet lip and creates very low pressures there. As 
the airplane accelerates, the slipstream contraction diminishes and so the axial force 
declines. A moderate downward vertical force (F\) is registered, probably because of 
ground proximity, since the air must enter the inlet from above. The side force (Fy) is 
small and fluctuating, showing the influence of somewhat variable wind across the 
runway. (The pitching and yawing moments track the vertical and side forces closely and 
will not be discussed separately.) 

3ust before takeoff rotation, at 53 sec elapsed time, the relative wind is dominated by the 
airplane's forward speed at 287 km/h (155 kn), but the inlet is closely aligned to it and 
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Figure 25. Airload Time Hsitory for Takeoff and Condition 1 18 Pullup Maneuver 
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Figure 26. Flight Parameters for Takeoff and Condition 1 18 Pullup Maneuver 


forces are very low. As the airplane rotates, significant vertical and side forces appear. 
The vertical shear rises to a maximum of nearly 35 OOON (7870 lb) as the pilot pulls up at 
more than 1.2g's to lift the airplane off. A reduction in vertical shear follows in the 
period from 60 to 64 sec, coincident with the return of the vertical acceleration to about 
l.Og. 

The side force builds up to an outboard-directed maximum of just under 17 OOON (3820 lb) 
at approximately 54 sec, fully 5.5 sec before maximum vertical load is reached. The 
reason for the difference in timing of peak loads is that an angle of sideslip (local to the 
inlet) is required to generate side force and yawing moment. A lateral component of flow 
creating such a sideslip is induced by the circulation pattern about the lifting sweptback 
wing. This flow is augmented by a contribution due to ground effect; the trailing-edge 
flaps restrict passage of air beneath the wing, forcing it outboard. When the airplane lifts 
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off, the tight clearance below the trailing edge is relieved, and only the outflow due to 
the basic circulation pattern remains. The side force and yawing moment therefore 
decline to the level associated with the lift-induced flow alone, while the vertical force 
and pitching moment continue to rise. (Note that in the case of the simulated takeoff, 
flown out of ground effect, the peak vertical and side loads are simultaneous at 113.5 sec 
elapsed time.) 

Shortly after settling down to Ig flight, the pilot would normally be expected to 
accelerate and retract the flaps. In this case, however, the flight test plan called for a 
symmetrical pullup maneuver to be executed 305m (1000 ft) above ground level, with flaps 
still at 10 deg and at a speed appropriate to a 372t (820 000 lb) takeoff, 346 km/h (186 kn) 
calibrated airspjeed (CAS) . Therefore, in the period from 64 to 115 sec elapsed time, the 
pilot accelerates only slightly, and the loads remain at roughly the same level except for 
an increase when the engine thrust is adjusted upward at 72 sec. 

The simulated high gross weight takeoff (condition 118) was a selected instant during the 
pullup maneuver between 108 and 112.5 sec. The intention was simultaneously to achieve 
a dynamic pressure and an angle of attack appropriate to the 372t (820 000 lb) takeoff at 
the peak-g condition. Because the actual gross weight was only 316t (696 000 lb), a higher 
g level was needed to match the airplane lift coefficient to the nominal value. The 
absence of ground effect, however, implied that the angle of attack at the nominal lift 
coefficient (Cl) would be exaggerated, so a somewhat reduced Cl was selected. 

Because of speed bleedoff during the pullup, when the airplane reached the desired Cl> 
the dynamic pressure had fallen below the value appropriate to 372t (820 000 lb). It was 
determined that the match was achieved at 340.2 km/h (184 kn) CAS, corresponding to a 
gross weight of 354t (780 000 lb), at 110.4 sec elapsed time. 

Figure 27 shows the pressure coefficients measured at the instant of maximum airload 
during the 244t (538 000 lb) gross weight takeoff (condition 101) at the top and bottom 
rows of pressure taps (6=0 and 180 deg) of engine 3. They are plotted against 
nondimensional distance measured perpendicular to the highlight plane. In this format, a 
difference in pressure at a given value of the abscissa is directly indicative of a 
contribution to vertical force. 

In this condition, the flow is much faster inside than outside the inlet. As a result, the 
interior pressures on both the top and bottom are well below ambient. The effect of angle 
of attack is to require such a severe acceleration around the lower lip that the flow 
becomes supersonic (Cp for Mach 1.0 is -11.24 at M« = 0.239). The minimum measured 
pressure corresponds to a local Mach number of 1.33, just inside the lower lip. An abrupt 
pressure rise to the subsonic level indicative of a shock follows. This is followed by a 
short zone of approximately constant pressure, probably a separation bubble. Diffusion 
then proceeds fairly smoothly to the engine face. Pressures at the top row of taps are 
well below ambient, but much higher than those at the bottom row. 

On the outside, pressures are not dominated by engine effects, but rather by external 
aerodynamic influences. As a result, differences from ambient are much less dramatic 
than they are on the inside. (In the forward 20% of the inlet, the average difference 
between the pressures on the inside is more than five times the average difference of the 
outside pressures.) Therefore, most of the aerodynamic load is attributed to the interior 
pressures. 

Figure 28 shows the pressure coefficient plotted versus circumferential position in the 
first 10% of the inlet interior. A roughly consinusoidal variation prevails, but it is 
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DISTANCE FROM HIGHLIGHT PLANE/INLET LENGTH, 


Figure 27. Pressure Coefficient Distribution, 244t (538 (XX) lb) 
Gross Wei^t Takeoff, Engine 3 
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Figure 28. Circumferential Variation of Pressure inside Inlet, Engine 3 
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displaced toward the inboard side of the inlet by about 20 deg. This skewing of pressures 
agrees with the ratios of side force and yawing moment to vertical force and pitching 
moment that are -0.^05 and 0.380 (corresponding to 22.1 deg and 20.8 deg, respectively). 

Because it was farther outboard, engine 4 was expected to operate at slightly lower angle 
of attack than engine 3 because of aeroelastic twist. Slightly lower loads therefore were 
anticipated. Figure 29 compares pressures at the 180-deg circumferential location for 



Figure 29. Pressure Comparison, Q = 180 deg. Engines 3 and 4 

engines 3 and k at the same flight condition. In this case, a slightly greater load is 
indicated by the lower pressure coefficients for engine 4. If allowance is made for the 
fact that engine 4 was running at 2A% higher airflow, however, the pressures indicate 
that the angles of attack are nearly equal. 

Note that the airloads were substantially lower for the flaps 20-deg takeoff than for any 
of the flaps 10-deg takeoffs because the higher flap deflection reduces the angle of 
attack at liftoff. Inlet airloads can therefore be reduced, when operational requirements 
permit, if the use of the 10-deg flap setting can be avoided. 
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3.2.2 Stall Warning Maneuvers 

The only condition in the acceptance flight profile where the inlet airloads approach those 
at takeoff is the stall warning maneuver at flaps 10 deg. This maneuver is a functional 
check of the stick shaker system, which warns the pilot that he is approaching stall. It is 
carried out by gradually reducing airspeed at an altitude of approximately 5200m 
(17 000 ft) until the warning system is actuated. The power setting, and therefore the 
engine airflow, are low in this condition because of the requirement to lose airspeed. 

After the warning system has started shaking the control column, the pilot recovers by 
pushing the nose down and adding power. It is only as the engine speed builds up that the 
airloads reach significant levels, as shown in figure 23 in section 4.2. 1.1. Airloads could 
therefore be reduced if the power increase were delayed until a higher speed was reached. 

The fact that the stall warning checks at flaps 0 and flaps 30 deg both resulted in lower 
maximum airloads than the flaps 10-deg maneuver requires explanation. In all three 
cases, maximum loads were reached when the engine reached its highest power level, but 
the angle of attack was highest in the flaps 10-deg condition. At flaps 0 deg, the leading- 
edge flaps are not deployed, and the wing stall angle is relatively low. At flaps 10 deg, 
the leading-edge flaps have increased the stall angle considerably, although the Cl at any 
given angle (below stall) is changed little. Trailing-edge flap deflection progressively 
reduces the stall angle. At flaps 10 deg, the reduction of stall angle due to the trailing- 
edge flaps is still overshadowed by the increase due to leading-edge flaps. By the time 
the flaps reach 30 deg, however, the stall angle has been driven back to around the flaps 
0-deg value. 

3.2.3 Airplane Stall 

Condition 123, a power-on airplane stall, was considered of interest because the angle of 
attack was the highest developed in any condition flown. Figure 30 shows pressure 
coefficients plotted against arc length measured from the highlight.* Although the 
freestream Mach number was only 0.207, an extensive region of supersonic flow is 
evident, reaching a local maximum of Mach 1.65. Despite the combination of high power 
setting and high angle of attack, the air loads were lower than those observed for flaps 
10-deg takeoffs because the maneuver was carried out at 2743m (9000 ft) altitude, and 
the dynamic pressure was correspondingly low. 

3.2.4 High-g Turns 

Four turns were performed to investigate inertial load (acceleration and gyroscopic 
torque) effects on the engines. The inertial loads were accompanied by aerodynamic 
forces of somewhat lower magnitude than those observed in the takeoffs and the flaps 10- 
deg stall warning maneuver. 


*This format was selected for plots in which Cp's are shown for more than two0 's at once 
to prevent illegibility due to crowding of data points near the highlight. Note that since 
arc lengths are defined to increase going forward on the inside, interior pressure 
distributions appear reversed, compared with plots against axial distance (x). 
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Figure 30. Inlet Pressures, Airplane Stall, Condition 123, Engine 3 

5.2.5 Other Conditions 

Near cruise speed, quite different pressure distributions prevail on the inlet and cowl. 
Figure 31 shows Cp's in low Mach cruise (condition 105). Note that the pressures inside 
the inlet are mostly higher than ambient, because the engine ingests a smaller stream tube 
of air, which is therefore slowed to lower than freestream velocity. Note also that the 
Cp variations are an order of magnitude smaller than was the case at low speed. As a 
result, loads are much smaller and mostly register on the outside of the cowl. 

Similar pressure distributions were observed for late climb, high Mach cruise, maximum 
Mach number, engine restart, maximum dynamic pressure, and descent (conditions 103, 
10^, 106, 107, 108, and 112), and loads were small in all cases. Because of the speed 
restriction on the JT9D-7R4 engine and nacelle, the maximum dynamic pressure condition 
was simulated in a pushover (less than l.Og) maneuver to achieve aerodynamic similarity, 
matching the Cl of 694.5 km/h (375 kn) equivalent airspeed (EAS) flight at 6100m 
(20 000 ft) altitude at an actual altitude of 7470m (24 500 ft) and airspeed of 667 km/h 
(360 kn) EAS. The low airplane angle of attack, together with the 4-deg inlet droop, 
resulted in a net negative inlet angle of attack and a nose-down pitching moment. 

43 




1.2 



Figure 31. Inlet Pressure Coefficient Distributions, Low Mach Cruise, 
Condition 105, Engine 3 


Early climb, approach, and the touch-and-go landing (conditions 102, 113, aind 114) showed 
pressure distributions more like the low-speed conditions, but very moderate airloads. 
Thrust reverse (condition 115) produced small airloads because the angle of attack was 
near zero. 

5.2.6 Gust Sensitivity 

Gusts affect both aerodynamic and inertial loads, which must be considered simultane- 
ously. The aerodynamic load arises directly from the change of inlet angle of attack 
associated with the gust component of the relative wind. The inertial load is produced by 
the airplane's motion in response to the gust. No appreciable turbulence was encountered 
in the flight program, so this combined effect was not observed. Nevertheless, it was 
possible to establish the sensitivity of the inlet aerodynamic loads to angle of attack 
changes caused by gusts. In the simulated maximum q pushover maneuver, loads were 
measured over a range of airplane angles of attack. From these data it was determined 
that the derivative of pitching moment with angle of attack at that Mach number and 
altitude was 9912 N-m (87 736 in-lb) per degree. 
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To put this figure in perspective, consider a maximum airspeed condition, 694.5 km/h 
(375 kn) EAS (747 maximum operating airspeed) at 6096m (20 000 ft) altitude. (This 
condition was chosen as a "worst plausible" case, much faster than economical climb, 
cruise, or holding speeds.) At this altitude, an 1 1-m/s (36-ft/s) gust can be expected about 
once in 800 hr of flying (ref. 6). The true airspeed at this EAS and altitude is 300 m/s, so 
an 1 1 m/s gust would produce an angle of attack change of 2.1 degrees. Allowing for the 
8.5% higher actual (as opposed to simulated) dynamic pressure, a pitching moment change 
of 22 600 N-m (200 000 in-lb) would be caused by the gust. This moment is about half of 
the nose-up pitching moment to be expected routinely at takeoff. 

5.3 GENERALIZED AIRLOADS 

To apply the results of this program to other aircraft/engine combinations, it is necessary 
to express the airloads in nondimensional form and to relate them to parameters that are 
not peculiar to the 747 equipped with 3T9D-7A engines. 


Following the usual aerodynamic practice, forces will be nondimensionalized by dividing 
by dynamic pressure times a reference area. The inlet highlight area was selected for this 
purpose, so 




H 


where the empty parentheses indicate a subscript x or y, for vertical or side force, as 
indicated on figure 20. Moments are nondimensionalized using highlight area times inlet 
length (distance from the highlight plane, to the A-flange plane, measured along the inlet 
centerline). That is, 

^( ) ' 2 

K2pooVi,A^£jj^ 

2 2 

In the present case, Aj_j is 4.364m (6764 in ) and is 1.476m (58.1 in). 


The airload coefficients depend on the inlet angles of attack and sideslip (OIIN 3 in) 
and on airflow. The latter has been nondimensionalized as the ratio of the remote 
streamtube area to the highlight area and denoted by airflow parameter (AFP). That is. 


AFP 


WA 

PooVoO Aj_^ g 


If the flow were incompressible and inviscid and if local nonuniformities due to the 
airplane were negligible, then the pressure coefficient at any point on the inlet or cowl 
would be wholly determined by CXin> 6in> AFP. In practice, since the loads of 
interest all occur in a small Mach number range (0.22 to 0.32), it is safe to ignore 
compressibility effects despite the fact that the inlet flow is transonic. Viscosity 
(Reynolds number) effects can also be neglected, since all big high bypass ratio turbofans 
are of comparable scale. It follows that the force and moment coefficient data can be 
understood in terms of the three parameters 3jjsj» ar'd AFP. 

a IN and 3 in cannot be measured in flight, since they are defined as the angles (in the 
vertical and horizontal planes, respectively) between the inlet centerline and the flow 
direction at the highlight plane that would prevail if the engine/nacelle were not there. 
They can be measured in nacelle-off wind tunnel flow surveys or inferred from comparison 
of inlet lip pressures to isolated powered model nacelle data. In either case, they are 
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subject to considerable uncertainty because of scale effects. (Airplane Cl versus a may 
be different at model scale, especially at high a 's, so the flow pattern will not match. In 
the case of model nacelles, the interior flow will usually separate at a lower angle than at 
full scale.) 

In the present study, ajfvi data based on nacelle-off flow surveys was used. No data on 3 in 
was available, so no attempt was made to generalize the side force and yawing moment 
data. (The ratios of side force to vertical force and of yawing moment to pitching 
moment are fairly closely grouped around 0.4 for all the takeoffs. This is configuration 
dependent, however, and will not necessarily apply to aircraft other than the 747.) 

To ensure the best available statistical basis, 31 low-speed flight conditions (including 
eight takeoffs not included in tables 1 and 4 and six points in the condition 118 pullup 
maneuver) were analyzed. They are listed in table 5. 

The function used to fit the data was of the form 


C( ) = aj^ + K2 AFP + K3 aj^ AFP 

This is called a "ruled surface" function because of the linearity of C( ) 
variable. 

The coefficients in the equation were determined to minimize the rms error 
fitting function and the data of table 5, giving 


Cp = 0.606 + 0.0782 + 0.779 AFP - 0.01435 AFP 

~x 

with an rms error of 0.08 and a maximum error of 0.24, and 


with either 
between the 


= 0.777 - 0.0431 - 0.871 AFP - 0.00563 AFP 

y 

with an rms error of 0.07 and a maximum error of 0.20. Figures 32 and 33 show the fitted 
values plotted against measured values and the associated error. 

It is reasonable to ask how closely an inlet must match the geometry of the 747/JT9D-7A 
design for the force and moment coefficient data presented here to be applicable. No 
comparable measured loads are available for any other inlet, but a comparison can be 
made of loads calculated from theoretical pressure distributions. Figure 34 shows the 
NAIL inlet profile and the profile of another inlet designed for a different airframe and a 
different manufacturer's engine. (Both are approximately to scale.) An inviscid 
compressible flow finite-difference analysis was used to compute pressures on both, and 
the results were integrated to give airload coefficients. Figure 35 is a comparison of the 
theoretical airload coefficients for the two inlets at AFP and a,|y. values typical of 
takeoff. 


The derivative of with ajjsq is edmost perfectly matched, while the absolute value is 
offset by approximat«y 3%. Similar agreement was obtained for CPx* Therefore, it can 
be expected that use of the nondimensional NAIL loads for inlets differing in the same 
degree would give comparable agreement. 

The development of pressure distribution data for this comparison permitted evaluation of 
how well inviscid compressible flow theory models the real inlet behavior for load 
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Table 5. Low-Speed Aerodynamic Force and Moment Coefficients 
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prediction purposes. The NAIL CMy curve-fit functions for AFP = 1.5 are also shown on 
figure 35. The derivative of CMy with jtsi is substantially lower, although the magnitude 
is in reasonable agreement. In the case of CFx> however, agreement is worse. The test 
data show a Cpx level substantially higher than the theoretical values. 



48 



ERROR CALCULATED Cm 



Figure 33. Ruled Surface Fit to Pitching Moment Coefficient 
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Figure 34. Inlet Profiles for Theoretical Load Comparison 


There is a problem in the flow modeling that could affect Cp^ much more than it does 
CMy. Figure 36 shows a set of theoretical Cp distribution curves calculated for the NAIL 
inlet at the simulated high gross weight takeoff condition. Figure 37 shows the actual 
measured Cp's. The theoretical interior Cp's have converged to nearly the same value at 
the fan face. That is» there is only a weak pressure gradient from top to bottom of the 
inlet there. The test data show, however, that the lower surface is at about unity Cp 
lower than the top. The implication is that the streamlines in the inlet must be curved as 
indicated in figure 38, presumably as a result of boundary layer buildup (and perhaps a 
separation bubble) on the lower surface. Because the region where this discrepancy 
occurs is close to the A-flange, its moment arm is short, and it can produce a large 

change in F with only a slight effect on M . 

X y 

It appears that inviscid aerodynamic theory alone is an inadequate tool for prediction of 
inlet airloads at takeoff or other high aiN conditions. Satisfactory agreement awaits 
further development of viscous flow methods. 
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Figure 36. Computed Pressures for High an^/AFP Condition 
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Figure 37. Measured Engine 3 Inlet Pressures, High ajf^/AFP Condition 
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Figure 38. Pressure Gradient and Streamline Curvature 
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5.4 INERTIAL LOADS 


Normal accelerations measured during takeoff and flight did not exceed 1.3g except 
during the high-g turn maneuvers. No significant turbulence was experienced during the 
NAIL program. For most flight conditions, the difference between g-loads measured at 
the airplane center of gravity and those measured on engines 3 and 4 was within the 
scatter of the data; i.e., the instruments responded only to steady-state accelerations of 
the whole airplane, experiencing no significant contributions from wing or nacelle flexible 
modes. 

An exception to the steady-state accelerations occurred during a hard landing in test 
273-15. The airplane landed at 313t (690 000 lb) gross weight with 135t (297 000 lb) of 
fuel and a sink rate of approximately 1.5 m/s (5 ft/s). Touchdown occurred at IRIG 
8:20:49. Vertical acceleration at the airplane center of gravity was 1.53g, with peaks of 
2g at engine 4 and 1.7g at engine 3. This case was selected for dynamic analysis. Another 
exception occurred during test 273-10, during which a mild gust was encountered at IRIG 
12:11:52. Normal accelerations were l.OSg at the airplane center of gravity and 1.3g at 
the engines. Details of these cases are shown in the Appendix A of reference 5. 

Pitch rates during takeoffs did not exceed 3 deg/s, and the peak value was achieved 
before reaching the maximum load factor. 

5.4.1 Inertial Data for NASTRAN Analyses 

With six accelerometers on each engine, it was possible to calculate the six components of 
acceleration (three linear and three angular) at the engine's center of gravity. This was 
done for engine 3 both at the condition analysis times and at reference times selected to 
evaluate the influence of load changes on clearance changes. Schedules of inertial load 
components are given in tables 6 and 7. 

5.4.2 Transient Inertial Loads 

Significant transient loads occurred during the first landing in test 273-15. Pitch and 
vertical motion data for the engine 3 wing/strut intersection are shown in figures 39 and 
40. These data were calculated from the six linear accelerations measured on the wing 
near the strut attachment points. Initial values of rates and displacements had to be 
assumed because direct measurements were not available. They were selected to give the 
known end values. 

The measured accelerations were considerably lower than those computed for a 3 m/s 
(10 ft/s) landing at 222t (490 000 lb) gross weight in reference 3. This is consistent with 
the inferred initial sink rate of 1.5 m/s (5 ft/s), although onboard observers reported that 
the landing felt very hard. (The actual landing weight was 31 3t 690 000 lb , somewhat 
higher than the 747's design maximum landing weight of 256t [564 000 lb].) 


55 



Tables. Engine 3 Inertia Data 


Test 

no. 

Condition 

IRIG 

hr/min/sec 

Acceleration I 

Pitch 

rate IX> 

Yaw 

rate [T> 

Axial 

Az 

Side 

N 

Vertical 

o 

273-7 

101 

6:41:36 

-0.25 

-0.10 

1.0 

-0.40 

-0.30 

273-7 


6:41:44 

-0.30 

-0.15 

1.08 

0.40 

-0.10 

273-10 

101 

9:44:02 

-0.23 

-0.30 

1.0 


0 



9:44:10 

-0.40 

-0.20 

1.15 

1.60 

-0.30 

273-11 

101 

10:13:46 

-0.20 

-0.25 

1.0 

0 

-0.1 



10:13:52 

-0.40 

-0.30 

1.2 

1.24 

0.65 

wmm 

118 

8:12:15 

-0.20 

-0.20 

1.0 

0 

0 

mm 


8:12:24 

-0.35 

-0.20 

1.1 

1.0 

0 

273-16 


8:13:16 

-0.30 

-0.20 

1.1 

1.49 

0.1 



8:13:18 

-0.35 

-0.10 

1.2 

1.98 

0.24 

273-10 

102 

9:45:59 

-0.28 

-0.15 

0.955 

-0.60 

-0.70 

273-7 

103 

7:28:44 

NDA 

-0.1 

0.95 

-0.5 

-0.26 

273-7 

104 

7:40:26 

NDA 

-0.1 

0.98 

-0.25 

-0.13 

273-7 

106 

7:56:40 

NDA 

-0.1 

0.98 

-0.25 

-0.18 

273-15 

106 


-0.07 

-0.15 

0.99 

-0.53 

-0.20 

273-7 

107 

8:12:53 

NDA 

-0.1 

1.04 

^.24 

-0.18 

273-16 

108 

11:39:00 

-0.09 

-0.20 


-1.9 

0.10 

273-7 

109 

8:18:58 

NDA 

-0.1 

0.91 

-0.20 

-0.37 

273-7 

110 

8:22:04 

NDA 

0.1 

1.05 

0.10 


273-7 

110 

8:22:26 

NDA 

-0.1 

1.24 

0.37 

-0.25 

273 7 

111 

8:24:52 

NDA 

-0.12 

0.91 

-0.74 

-0.49 

273-7 

112 

8:28:56 

NDA 

-0.1 

1.04 

0 

-0.18 

273-7 

113 

8:34:27 

NDA 

-0.1 

0.961 

-0.73 

-1.64 

273-7 

114.1 

8:40:36 

NDA 

-0.1 

1.1 

0.5 

-0.24 

273-7 

116 

8:45:58 

NDA 

-0.15 

1.02 

-0.5 

0 

273-10 

116 

13:33:37 

-0.19 

-0.40 

1.45 

3.0 

-2.2 

273-10 


13:33:58 

-0.27 

-0.25 

1.98 

3.99 

-1.8 

273-10 

117 

13:40:30 

-0.10 

-0.30 

1.07 

0 

-0.25 

273-10 


13:41:07 

-0.25 

-0.40 

1.60 

6.49 

-3.9 

273-15 

120 

11:03:40 

-0.14 

-0.17 

1.3 

1.77 

2.3 

273-15 


11:04:03 

-0.25 

-0.30 

1.98 

5.13 

3.4 

273-15 

121 

11:06:48 

-0.15 

-0.15 

1.1 

0.97 

3.1 

273-15 


11:07:25 

-0.25 

-0.20 

1.57 

6.70 

5.2 

273-10 

123 

13:26:17 

-0.35 

-0.1 

1.27 

5.6 

5.5 


• Acceleration coordinates; nacelle axes, figure 18 9 

• Pitch rate: positive noseup 

• Yaw rate: positive right turn deg/sec 

• NDA; accelerometer failed to operate properly 
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Table 7 , Engine 4 Inertial Data 


Test 

no. 

Condition 

IRIG 

hr/min/sec 

Acceleration 

Pitch 

rate 

Yaw 

rate 

Axial 

Side 

D:> 

Vertical 

273-7 

101 

6:41:44 

-0.25 



0.40 


273-10 

101 

9:44:10 

-0.1 



1.60 


273-11 

101 

10:13:52 

-0.20 

-0.20 

1.1 

1.24 

0.65 

273-15 


8:13:18 

-0.25 

-0.20 

1.1 

1.98 

0.24 

273-10 


9:45:59 

-0.15 

-0.10 

1.15 

-0.60 

-0.70 

273-7 

103 

7:28:44 

NDA 

-0.1 

0.95 

-0.5 

-0.26 

273-7 

104 

7:49:26 

NDA 

-0.1 

0.98 

-0.25 

-0.13 

273-7 

105 

7:56:40 

NDA 

-0.1 

0.98 

-0.25 

-0.18 

273-15 

106 

12:09:26 

0.05 

-0.10 

0.95 

-0.53 

-0.20 

273-7 

107 

8:12:53 

NDA 

-0.1 

1.04 

-0.24 

-0.18 

273-15 

108 

11:39:00 


0 


-1.9 

0.10 

273-7 

109 

8:18:58 

NDA 

-0.1 

0.91 

-0.20 

-0.37 

273 7 

110 

8:22:26 

NDA 

— 0.1 

1.24 

0.37 

-0.25 

273-7 

111 

8:24:52 

NDA 

-0.12 

0.91 

-0.74 

-0.49 

273-7 

112 

8:28:56 

NDA 

-0,1 

1.04 

0 

-0.18 

273-7 

113 

8:34:27 

NDA 

-0.1 

0.961 

-0.73 

-1.64 

273-7 

114.1 

8:40:36 

NDA 

-0.1 

1.1 

0.5 

-0.24 

273-7 

115 

8:45:59 

NDA 

-0.15 

1.02 

-0.5 

0 

273-10 

116 

13:33:58 

-0.10 

-0.40 

1.90 

3.99 

-1.8 

273-10 

117 1 

13:41:07 

-0.15 

-0.30 1 

1.50 

6.49 

-3.9 

273-15 

120 

11:04:03 

-0.10 


1.95 

5.13 

3.4 

273-15 

121 

11:07:25 

-0.20 

-0.15 

1.5 

6.70 

5.2 

273-10 

123 

,13:26:17 

-0.25 

-0.10 

1.15 

5.6 

5.5 


• Acceleration coordinates: nacelle axes, figure 18 
a Pitch rate: positive noseup 

• Yaw rate: positive right turn 

• NDA: accelerometer failed to operate properly 
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deg/sec 
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Figure 40. Pitch Motion at 


Flight 273-15 
High gross 
weight landing 










6.0 CONCLUSIONS AND RECOMMENDATIONS 


6.1 CONCLUSIONS 

6.1.1 Management 

The NAIL program was a highly successful program that had an unusual management 
structure; sponsorship by two different NASA research centers with execution by two 
distinct industrial organizations. Despite the apparent complexity of this arrangement, 
planned objectives were met or exceeded, on time and within budget. 

6.1.2 Technical 

The airloads measured in the takeoff phase of flight were higher than anticipated. Some 
other phases, specifically the stall warning maneuvers, generated less severe loads than 
those estimated in earlier analyses (ref. 3) because the flight techniques differed from 
those that had been assumed. 

Inertial loads were less severe than previous studies had indicated. 

Inlet angle of attack and engine airflow together determine inlet airloads. Inlet angle of 
attack can be influenced by the pilot through three parameters; flap setting, airspeed, 
and load factor (g). Airflow is determined by power setting. It may be possible to reduce 
operating airloads significantly by suitable revisions to flight procedures. 

The airload data developed in the NAIL program will be applicable in nondimensional form 
to underwing high-bypass ratio turbofan installations involving other airplane and engine 
combinations than the 3T9D-7/Boeing 747. 

A data base has been established that will permit evaluation and verification of improved 
analytical methods for studying aerodynamic interactions between wings and propulsion 
systems for turbofan-powered subsonic transport aircraft. 

6.2 RECOMMENDATIONS 

6.2.1 Management 

The combined center management approach should be considered by NASA whenever the 
problem under investigation cuts across technology lines, as in this case, engine/ airframe. 

6.2.2 Technical 

It is suggested that modifications to flight procedures be considered with a view to 
reducing high-load occurrences in both test (acceptance flights) and airline service. In 
acceptance flights, recovery from stall warning maneuvers can result in lower load levels 
if adding power is postponed. (This is feasible because the altitude loss under those 
conditions is not a problem.) In airline service, use of a 20-deg flap setting for takeoff 
and postponement of takeoff rotation to a higher speed will tend to reduce the maximum 
inlet angle of attack attained, resulting in significant airload reductions. 

The loads data obtained in the NAIL program should now be used in formulating design 
criteria for engine-related structures to ensure minimum fuel economy degradation from 
the start of the design process. 
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6.2.3 Future Work 


More data are needed on the statistical aspects of engine loads. The NAIL program 
developed no information on the takeoff rotation speeds, flap setting selections, or 
rotation load factors normally encountered in airline service. Such data would be helpful 
in the use of the aerodynamic data gained by NAIL on subsequent design efforts. It is 
recommended that NASA develop a statistically significant data base as part of its 
ongoing flight loads measurement program. 
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